The naturally occurring peptide indolicidin from bovine neutrophils exhibits strong biological activity against a broad spectrum of microorganisms. This is believed to arise from selective interactions with the negatively charged cytoplasmic lipid membrane found in bacteria. We have investigated the peptide interaction with supported lipid model membranes using a combination of complementary surface sensitive techniques: neutron reflectometry (NR), atomic force microscopy (AFM), and quartz crystal microbalance with dissipation monitoring (QCM-D). The data are compared with small-angle X-ray scattering (SAXS) results obtained with lipid vesicle/peptide solutions. The peptide membrane interaction is shown to be significantly concentration dependent. At low concentrations, the peptide inserts at the outer leaflet in the interface between the headgroup and tail core. Insertion of the peptide results in a slight decrease in the lipid packing order of the bilayer, although not sufficient to cause membrane thinning. By increasing the indolicidin concentration well above the physiologically relevant conditions, a deeper penetration of the peptide into the bilayer and subsequent lipid removal take place, resulting in a slight membrane thinning. The results suggest that indolicidin induces lipid removal and that mixed indolicidin-lipid patches form on top of the supported lipid bilayers. Based on the work presented using model membranes, indolicidin seems to act through the interfacial activity model rather than through the formation of stable pores.
Introduction
Antimicrobial peptides (AMPs) show promising potential as future antibiotics with potent activity against a broad spectrum of pathogens. AMPs are part of the innate immune response found in all classes of life, including humans, animals, fungi, and bacteria. A wide range of AMPs extracted from different species found in nature have so far been studied for their potential as future antibiotics. The mode of action of antimicrobial peptides has extensively researched creating a consensus that membrane binding and membrane destabilization is a key function in the AMPs ability to kill bacteria [1] [2] [3] [4] . Overcoming non-specific membrane destabilization would require a more profound redesign of the bacteria which is difficult to achieve through mutation and therefore AMPs have a significantly lower risk of developing resistance. Despite a great number of scientific studies, the precise molecular mechanism for the membrane interaction is not yet fully unveiled. This is mainly due to the experimental challenges in detecting the peptide insertion and associated small structural alterations within the membrane, in particular at physiologically relevant concentrations.
Scattering and imaging techniques, as small-angle X-ray/neutron scattering (SAXS/SANS) for solutions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , neutron reflectometry (NR) for surfaces [25] [26] [27] [28] [29] [30] [31] [32] and atomic force microscopy (AFM) [33, 34] have been extensively used to study the structure of model lipid membranes. Moreover, the internal structure of living bacteria (including the cytoplasmic membrane) has been resolved using a combination of small and wide angle X-ray scattering [35] . With these methods, the interaction between peptides and model membrane can be investigated with high resolution in situ at low peptide concentrations. Lipid bilayers are often used as models of cellular membranes either in the form of free floating bilayers in solution or as supported lipid bilayers (SLBs) on solid surfaces. SLBs in combination with a set of surface sensitive techniques enable morphological, overall binding and detailed structural investigation of peptide interaction with model cellular membranes [32, 36] . On the other hand, free floating lipid bilayers such as unilamellar lipid vesicles (ULVs) give complementary insight into the interaction between model membranes and AMPs that lack the unavoidable influence of the supporting substrate [5, 6, 23, 24, 37, 38] . Despite its simplicity, the scattering signal from the bulk solution approach gives the orientational average structures. This complex system thus demands significant effort in theoretical modelling in real space to extract detailed structural data from the experimental results. Here, we combine bulk scattering and surface scattering techniques to overcome the limitations of these techniques and exploit their complementarities. Ideally to fully mimic the cell membrane of bacteria the lipid composition of the model membranes should include the natural lipids found in bacteria membranes, for example a lipid extract with mainly phosphatidylethanolamine (PE), phosphatidylglycerol (PG) lipids and cardiolipin in the case of the gram-negative bacteria Escherichia coli. However, simpler membrane mimics including pure lipids with known molecular volumes and chemical structure are necessary in order to extract detailed structural information from the scattering data. Conventionally, either pure phosphatidylcholine (PC) lipids or a combination of PC and PG lipids have been used as a substitute in formation of supported lipid bilayers as model membrane systems [25, 27, 29, 33, [39] [40] [41] [42] [43] [44] . Recently, it was shown that stable SLBs can be formed with a combination of PE and PC lipids [45] , although a preparation of model supported bilayers with both PE and negative charged PG lipids is to the authors' knowledge yet to be reported in literature. Therefore, in this study we use PC-PG lipids as a simple model bacterial membrane.
Most conventional AMPs are α-helical peptides, and these have been vastly studied using various scattering techniques and model membranes resulting in the proposal of several possible molecular modes of actions. The literature is quite extensive in this respect so we will briefly describe a few examples: Maculatin 1.1 (21 residues, net charge +3) was found to cause a slight thickening of the membrane and the peptide translocated through passive diffusion as measured by neutron reflectometry [46] . The shorter aurein 1.2 (13 residues, net charge +2), on the other hand, led to a slight degree of membrane thinning with the peptide being integrated into the lipid tail region rather than translocating across the membrane [25] . This led to the conclusion that aurein 1.2 acts via the carpet model. In the carpet model, the peptide initially binds to the lipid surface and covers the membrane as a carpet, which over time and upon increased peptide surface concentration results in disintegration of the membrane in a detergent like manner [1, 25] . A study using grazing incidence diffraction (GID) on multilamellar lipid membranes on solid supports, demonstrates that magainin 2 (23 residues, net charge +5) adsorb to the bilayer at low peptide-lipid ratio, while translocation of the peptide occurred at higher amounts of peptide [39, 47] . The peptide was also found to promote significant disordering in the lamellar stacking of the lipids in the membrane [42] . However interestingly, no experimental evidence for pore formation was found in this study [39] contrary to what has been reported in the past using neutron off-specular scattering [48] . A similar concentration dependency was also seen for alamethicin (20 residues, net charge −1) [49] , which perturbs the membrane by causing non-lamellar lipid structures as observed by X-ray diffraction [50] . A combination of diffuse X-ray scattering at small and wide angles in stacked multilayered membrane samples and NR of single lipid bilayers showed that the cyclic peptide colistin (11 residues, net charge +5) partitions deeper towards the hydrocarbon middle region of membranes mimicking the outer membrane of Gram negative bacteria [7] . As seen from the literature the proposed mechanism of AMPs does not only vary according to the conformational shape of the peptides, but can also be linked to the size of the peptide. Comparing synthetic peptides with varying size has indicated that smaller peptides are able to penetrate into the bilayer affecting the lipid phase and ordering [25, 29] , while larger sized peptides situated on the surface of the membrane [27] . The effect of peptide size, conformational shape and hydrophobicity needs to be further studied to get a better understanding of the impact on the mechanism of action.
Here, we systematically study the structural interaction between AMP, indolicidin (13 residues, net charge +4) extracted from bovine neutrophils, and model lipid membranes made of PC and PG lipids. Contrary to the peptides used in the studies mentioned above, indolicidin has been found to be largely unstructured in solution [6, 51, 52] and retains a Gaussian chain structure with~1% fibers as seen by SAXS [6] . Earlier studies suggest that addition of indolicidin results in local membrane thinning and solubilisation as determined by AFM [34] , while partial insertion into the bilayer and removal of lipids at higher concentrations (≥5 μM) was suggested by quartz crystal microbalance with dissipation monitoring (QCM-D) [40] . However a recent SAXS study revealed that at physiologically relevant low peptide to lipid ratios, no significant perturbation of the lipid bilayer was detected [6] . In this work we will investigate these interactions in more detail using a multitude of experimental techniques with different structural resolution using the same model lipid membrane. This is achieved by comparing high resolution neutron and X-ray scattering techniques; NR and SAXS with AFM and QCM-D. Apart from comparing the methods and investigating the structural interactions of flat versus curved bilayers, this allows us to gain detailed insights into the lipid interaction of indolicidin. Indolicidin was chosen for this study because of its simple structure and small size enabling us to more straightforwardly model and deduce its interaction with membranes. Furthermore, indolicidin is one of the most studied natural AMPs. However, its lipid interaction has not previously been studied using neutron reflectometry. The data reveal that the peptide perturbs the lipid membrane without any clear pore formation as previously suggested [51] , without causing significant thinning of the bilayers as observed for other small peptides [29, 53] .
Experimental section

Materials and sample preparation
Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)), and DMPE-PEG(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) were purchased from Avanti Polar Lipids and used as received without further purification. Lipid stocks were prepared in volume ratios of 1:3 methanol:chloroform and mixed in the correct proportions to give the same mass as the aimed final vesicle solution.
The SLBs for the NR, QCM-D and AFM experiments were created through fusion of tip sonicated vesicles as previously described [54] . In short, the lipid were dissolved in chloroform/methanol and mixed according to the desired molar ratio. The solvent was then removed under a stream of nitrogen, and the vials left in vacuum for at least 1 h. Lipid films were then kept at −20°C until use. Immediately prior to the experiments, the lipid films were hydrated with MilliQ water to a concentration of 0.2 mg/ml and incubated for 1 h at 35°C. The solution was then sonicated using a tip sonicator for 10 min on a 50% duty cycle (5 s on/off). The solution was mixed 1:1 with a 4 mM CaCl 2 solution immediately prior to formation of lipid bilayers. The lipid suspension in CaCl 2 was injected into the cell and left for approximately 10 min to equilibrate prior to extensive rinsing with buffer. In all the experiments, both the clean surface and the pristine lipid bilayer were fully characterized prior to peptide injection.
For preparation of 100 nm unilamellar liposomes for SAXS experiments, 2.5 mol% of DMPE-PEG was added in addition to DMPC and DMPG to sterically stabilize the liposomes against phase separation upon peptide addition. In the preparation, the organic solvent was removed completely under vacuum using a Heidolph rotary evaporator with a Vacuubrand vacuum pump. The resulting lipid film was hydrated with 50 mM tris(hydroxymethyl) aminomethane buffer (trisbuffer), pH 7.4, for at least 1 h at~10°C above the melting temperature of the lipid mixture (35°C). After sonication for 10 min, the lipid dispersions were extruded through a 100 nm pore diameter polycarbonate filter (> 21 times) using an Avanti mini-extruder fitted with two 1 ml airtight syringes.
Indolicidin (ILPWKWPWWPWRR-CONH 2 ) was synthesized using standard 9-fluorenylmethyloxycarbonyl protecting group (Fmoc) chemistry with 2- (1H-benzotriazol-1-yl)-1,1,3 Controller and 2996 Photodiode Array Detector, the column used was a Waters™ Symmetry™ C18, 5 μm, 4.6 × 250 mm on an acetonitrile-water gradient. The peptide mass was determined using a Bruker Microflex™ (MALDI-TOF-Mass Spectrometry) (see Supplementary material).
Quartz crystal microbalance with dissipation monitoring
QCM-D experiments were performed using a Q-SENSE E4 system (Qsense, Biolin Scientific, Stockholm, Sweden) with 50 nm Qsense Silicon Oxide sensors. The fundamental frequency and six overtones (3rd, 5th, 7th, 9th, 11th and 13th) were recorded during the experiment. The instrument was set to equilibrate at 37°C before performing any measurements. The lipids were prepared using the method described above in MilliQ water and injected using a peristaltic pump (Ismatec IPC-N 4) at a flow rate of 100 μL/min. After following the SLB formation (upon reaching a frequency of −24 Hz and dissipation close to 0), the remaining lipids in the cells were rinsed off with MilliQ. Upon stabilization of the baseline, the solvent was exchanged to tris-buffer and again left to stabilize under flow. The peptide was injected in the desired concentration dissolved in tris-buffer. The experiments were performed in duplicates to validate the results.
Neutron reflectometry
Neutron reflection (NR) measurements were performed using flowthrough cells and 80 × 50 × 15 mm Silica crystals from SIL'TRONIX Silicon Technologies. The reflectometer FIGARO [55] at Institut LaueLangevin (Grenoble, France) was used to record the time-of-flight reflectivity at two angles of incidence (0.8 and 3.2°) to cover the Q-range (Q = 4π sin (θ/2)/λ where θ is the scattering angle and λ is the neutron wavelength). The instrumental resolution was set to = 7% λ λ
Δ
. Flow through solid-liquid cells were provided by the neutron facility. They were composed by a plastic water reservoir in close contact with the polished surface of the silicon substrates. The water reservoir was equipped with inlet and outlet connections to exchange the aqueous solution. Substrate and reservoir were sandwiched between two aluminium plates connected to a water bath for temperature regulation. The temperature, measured by a thermocouple in close contact with the silicon substrate, was maintained at 37°C. Prior to the experiment, the crystals were fully characterized in D 2 O and H 2 O to determine the structural parameters of the silicon oxide layer present on the surface. After injection, the lipids were equilibrated in the cell for~20 min before rinsing with tris-buffer, and the bilayers were characterized in three contrasts (D-tris, H-tris and 50:50H/D-tris hereafter referred to as CM3). Then, 10 ml of the peptide solution (in D-tris, CM3 and H-tris sequentially) in the desired concentration were injected into the cell at a flow rate of~2 ml/min using a syringe pump, and the resulting system was fully characterized in all three contrasts. Finally, the membranes were measured again after rinsing with H-tris and D-tris. The use of different contrast conditions is known as the contrast variation method and it allows for simultaneous fitting of multiple reflectivity data sets, leading to an unambiguous solution and a more precise structural determination [56] .
All NR profiles were analysed using an optical matrix method where the surface is modelled as sequential layers representing the substrate and lipid bilayer (three layers: one for the lipid tail and two for the hydrated head groups) as well as peptide and solvent which were allowed to penetrate the different layers freely. The fit analysis was done using the Motofit package taking into account the experimental resolution [57] . The NR data analysis provides information on the internal structure of thin films at an interface [58] . In particular, for SLBs, it allows to determine thickness, composition and surface coverage not only of the entire bilayer but of the different regions composing it, such as headgroups and hydrophobic tails. For this reason, the lipid bilayer before and after interaction with 0.8 μM indolicidin and rinsing were fitted using a 5 layer model (distinguishing silicon oxide -waterhead-tail -head), while the 10 μM indolicidin bilayer after rinsing was fitted using an 8 layer model in which the 3 extra layers account for indolicidin/lipids patches forming on top of the bilayer (as single or double layers). During the fitting analysis, a model dividing the tail region into two layers to simulate asymmetric bilayers was considered. As discussed in the Supplementary material, this did not improve the quality of the fit significantly and therefore a symmetric model for the bilayer composition was chosen.
The error of the fit parameters for the thickness and solvent amount was determined by the Monte Carlo error analysis fitting algorithm included in the Motofit package [57] and reflects the quality of the fit. 
Atomic force microscopy
Measurements were carried out on a Nanoscope IV multimode AFM (Veeco Instruments Inc.). Images were generated in the PeakForce Quantitative Mechanical Property Mapping® (QNM) mode with a silicon oxide tip (Olympus micro cantilever OTR8 PS-W) having a spring constant of 0.15 N/m and a radius of curvature of < 20 nm. Peak Force Tapping™ mode is different from contact and traditional tapping mode since it allows for precisely controlling the imaging force in order to keep indentations small, thus enabling non-destructive and high-resolution imaging. This mode is ideal for imaging of soft matter in liquid environments at high resolution. A liquid flow cell (glass probe holder, MTFML, Bruker Corporation) was used to scan the surfaces in a liquid environment and to exchange solution in situ. The setup was optimized for real-time continuous flow imaging where the solution constantly exchanges via a slow gravity feed [33] .
First, a freshly cleaved mica surface was imaged in ultrapure water in order to ensure a clean and smooth surface (RMS: < 500 pm) prior to bilayer measurements. Small unilamellar vesicles were introduced into the AFM liquid flow cell and vesicle attachment and bilayer formation were imaged. The lipids were incubated in the AFM for at least 30 min and imaged to secure high coverage before rinsing the membrane with water. Before introducing the peptide, the membranes were rinsed in excess tris-buffer. The peptide solution was introduced to the membrane and the flow was maintained while imaging for at least 90 min. In this way, new peptides were continuously brought to the interface during scanning. Then, the membrane was rinsed with tris-buffer while imaging. All images were recorded at a resolution of 256 × 256 pixels with a scan rate of 1 Hz. The z-setpoint and differential gains were manually optimized during each scan. Images were analysed and processed in the Gwyddion 2.22 software. The experiment was performed in duplicates to validate the results.
Small angle X-ray scattering
SAXS experiments of mixtures of peptide and liposomes were performed at the automated BM29 bioSAXS beamline [59] at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The data was obtained using an energy of 12.5 keV and a detector distance of 2.87 m, covering a Q range of 0.0047 Å −1 to 0.5 Å −1 . The data set was calibrated to an absolute intensity scale using water as a primary standard. 45 μL samples were run through a capillary using the flow mode of the automated sample changer [60] . SAXS data was collected in ten successive frames of 0.5 s each to monitor radiation damage and the data reduction was done using the standard tool at BM29 [61] . The SAXS results were analysed using the theoretical model described in detail in Ref. [6] . In short, the model provides a detailed description of the membrane by dividing into probability functions for each component (lipid sub-units/peptide) across the bilayer.
Results and discussion
Concentration dependent interaction between indolicidin and SLB
QCM-D constitutes a useful technique to screen different experimental conditions for biomolecular interaction with model membranes. The simultaneous measurement of both changes in frequency and dissipation allows us to extract information on the viscoelastic properties of the membrane due to the direct relationship between the frequency and the mass adsorbed to the surface, while the dissipation is dependent on the rigidity of the layer. For example, the typical QCM-D signal observed from an adsorption process of a rigid film is a decrease in frequency due to the addition of mass on the surface without any significant changes in the dissipation due to the rigidity. For a soft and heterogeneous film (containing water), however, an increase in the dissipation will follow the adsorption due to the dampening of the oscillations of the QCM-D sensor. Upon desorption of material from the surface, for example removal of lipids due to solubilisation, the frequency increases as a result of mass removal, while the changes in dissipation depend on the hydration and rigidity of the remaining material.
Fig . 1A -C shows the QCM-D signals upon increasing concentrations of indolicidin (1, 5 and 10 μM) added to an SLB made of DMPC-DMPG. Immediately after peptide injection, there was a significant decrease in the frequency and an increase in the dissipation for all the samples, indicating peptide adsorption to the membrane. However, the point at which the QCM-D signals reached steady state was concentration dependent. At 1 μM, the dissipation reached an inflection point and then flattened at values higher than for the original SLB. For 5 μM, on the other hand, both frequency and dissipation reached an inflection point that was followed by a slow increase in the frequency. For the highest concentration of 10 μM, the frequency and dissipation displayed different steps where a peak in frequency (and the dissipation) was followed by equilibration at values slightly higher in frequency (and lower in dissipation) than before peptide addition. These signals are typical indicators of significant lipid removal from the membrane.
Plots of Δd versus Δf with the 7th harmonic were constructed and shown in Fig. 1D to better visualise the different d/f regimes related to various steps in the indolicidin interaction with the lipid membrane. For the lower concentrations of 1 μM and 2 μM, two regimes were observed: in regime 1) there was a large increase in the dissipation that was accompanied by a large decrease in the frequency, and in regime 2) there was a region where the dissipation decreased without any significant change in the frequency that stabilized around −8 to −10 Hz.
The former indicates penetration of the peptide into the bilayer while the latter signal indicates the formation of a stiffer absorbed layer. For 2 μM, the slope of the first regime was less steep than in the case of 1 μM, with a smaller increase in the dissipation over the same decrease in frequency. This behaviour might indicate a deeper insertion into the bilayer at the higher concentration, while at lower peptide concentrations the peptide occupies a more superficial location on the membrane which is reflected in an apparent less rigid structure. Similar behaviour was seen for PAMAM dendrimers at higher concentrations (up to 8 μM) [27] .
For the higher indolicidin concentrations (5 and 10 μM) close to the reported minimum inhibitory concentration (MIC) value of indolicidin (8-16 μM dependent on the type of bacteria) [62] , the slope for regime 1 was similar to the one observed for the lower concentrations (Fig. 1D) , although the rate of the initial binding was significantly higher than the lower concentrations (Fig. 1A-C) . The initial rapid binding at higher concentrations agreed with reported data for zwitterionic PC membranes and indolicidin [40] . However, regime 2 differed from the one observed for the lower concentrations giving an increase in frequency which was accompanied by a small dissipation. The inflection points between regime 1 and 2 occurred at −6 Hz and −8 Hz for 5 and 10 μM, respectively. Finally, for 10 μM indolicidin steady state was achieved at a higher frequency than the original bilayer. Regime 2 for the highest peptide concentrations indicated a loss of wet mass at the surface, pointing towards peptide-induced solubilisation of the phospholipid membrane. Similar results were previously obtained for higher indolicidin concentrations on pure PC membranes [40] . The difference in the behaviour of the dissipation between 5 and 10 μM might be a result of the peptide penetrating deeper into the bilayer resulting in more rigid membranes. Aurein 1.2, that resembles indolicidin in size, was shown to cause similar behaviour by QCM-D where addition of high concentrations (20 μM) resulted in a steady state frequency higher than the initial baseline [25] .
Although the QCM-D measurements point towards different steps in the molecular mechanism of action between indolicidin and lipid membranes as a function of peptide concentration, they could not provide any structural information on the changes induced in the lipid membrane. Therefore, experiments were carried out using NR on the same system to provide higher resolution information of the structural interaction of the AMP. Fig. 2A , B and C show the reflectivity profiles, best fits and SLD profiles for DMPC/DMPG (90/10) bilayers before and after exposure to either 0.8 (1:10 peptide-lipid ratio) or 10 μM (~1:1 peptide lipid ratio) indolicidin in two solvent contrasts (H 2 O and D 2 O). The structural parameters for the pristine SLBs were similar and thus only one of the SLB reflectivity curves are shown in Fig. 2 (Table 1 gives the parameters used to fit the data). The full data sets for the two SLBs are given in the Supplementary material Fig. S2 .
From the fit analysis of the pristine SLBs NR data, we obtained a thickness and area per lipid that was comparable with literature values based on MD simulations and SAXS data on DMPC/DMPG phospholipids [9, 13, 63] . Moreover, the SLDs obtained were in agreement with the theoretical SLD values for the lipid mixture as shown in Table S1 . Moreover, the total bilayer thickness seemed unaffected by exposure to 0.8 μM peptide, while a slight decrease from 38 to 36 Å was seen for the bilayers exposed to 10 μM indolicidin. This slight thinning is, however, within the error of the fit analysis. Furthermore, peptide addition caused a change in the fitted SLD values for both lipid headgroup and core as compared to that for pure lipid bilayers. For 10 μM indolicidin, peptide addition resulted in changes of the SLD profile throughout the whole bilayer, while 0.8 μM mainly affected the SLD profile for the outer headgroup and the tail region. The observed changes in SLD are explained by the peptide having a different SLD than the lipids thus resulting in a change in the average SLDs of the modelled layers upon insertion of the peptide (see Table S1 ).
The NR fit analysis of the 0.8 μM indolicidin data (1:10 peptide to lipid ratio) indicates that the peptide inserted into the outer headgroup and tail region of the bilayer and did not affect the inner headgroup. For 10 μM (approximately 1:1 ratio) indolicidin, the peptide penetrated deeper into the bilayer which could be observed as a change in the average SLD of the inner headgroup region in Fig. 2B . The amount of peptide inserted in the head region of the membrane could readily be calculated from the SLD values and it increased significantly from 0 to 60% in the inner head group and 13 to 36% in the outer headgroup when increasing the concentration of the peptide from 0.8 to 10 μM. On the other hand, the amount of peptide incorporated in the tail region did not seem to be affected by the peptide concentration and remained at 17%. This points towards a clear affinity of the peptide for the headtail interface also upon penetration to the inner leaflet. Table 1 shows that the bilayer coverage decreased significantly for 10 μM indolicidin, implying that more lipids were removed from the membrane as the peptide (surface) concentration increased. Lipid removal is in agreement with our QCM-D experiments (Fig. 1) , where injection of 10 μM indolicidin led to a decrease in mass on the sensor explained as removal of phospholipids from the bilayer. The changes in the thickness and solvent fraction of the tail region indicated that the peptide significantly disturbed the ordering of the tails, which is also corroborated by DSC experiments published in a recent work by Nielsen et al. [6] .
Lipid removal caused by peptide insertion
In Fig. 3 , the NR and SLD profile of the bilayer exposed to 0.8 μM is shown before and after extensive rinsing with tris-buffer using three contrasts (D-tris, H-tris and cm3-tris). Note that this is different from Fig. 2 where we only compare the samples in the presence of peptide and prior to rinsing with buffer. The corresponding fit parameters for the SLB in the presence of indolicidin and extensive rinse are shown in Table 1 , while those fit parameters for the data of 0.8 μM showing the bilayer before rinsing is given in Table S1 in the Supplementary material. The inset in Fig. 3 shows the reduced reflectivity, RQ 4 , plotted against Q to highlight the appearance of a distinct peak at the Q range of 0.10-0.13 Å −1 upon incubation with indolicidin (marked with an arrow in Fig. 3A ). This peak was clear for the H-tris data due to the high contrast towards the deuterated lipids. This contribution was modelled by addition of two mixed lipid/peptide layers (it was seen that two extra layers were needed to fully explain the data), separated by a thin water layer (6 Å). The coverage of the middle lipid/peptide layer (in direct contact with the SLB) was 27% for 0.8 μM, while the outer lipid/ Reflectivity profiles together with the best fits (lines) to the described models. SLD profiles obtained from the fit analysis against distance from the interface for an SLB before and after being exposed to indolicidin in the indicated concentration of D-contrast (B) and H-contrast (C). In this case, 10 ml of the peptide was flushed into the cell and rinsed off with buffer prior to the NR measurements (the experiments with the two concentrations were performed in separate cells). The slight difference in the SLD of the bulk is due to incomplete exchange of the solution when changing contrast (and typically accounts by for example 3% H2O presence in the D2O contrast).
peptide layer had a low coverage of only 2%. The SLD for both of these layers were found to be 5.6 10 −6 Å 2 indicating that these patches mainly are composed of phospholipids, with only around 4% peptide. Rinsing with buffer induced major changes in the reflectivity profile with disappearance of the peak at intermediate Q. Therefore, these patches seem to be relatively loosely attached structures. The thickness of the patches was similar to the thickness of one bilayer i.e. 37 Å. These patches might originate from peptide/lipids complexes (for example mixed micelles) as suggested from the SLD values obtained from the analysis. Their low surface coverage is compatible with the amount of lipids removed from the bilayer by the insertion of the peptide (17%). Indeed, we observed a change in the composition of the lipid core layer allowing to include the inserted peptide as described above. This mechanism is illustrated in Scheme 1. Lipid removal can be explained by the decrease in the energy barrier against solubilisation of individual lipids in the outer leaflet of the bilayer upon peptide integration in the bilayer. This is a typical behaviour for the interaction of biosurfactants with lipid membranes including surfactin, which is a natural lipopeptide surfactant with antibiotic properties. In this case, progressive lipid removal takes place upon reaching a threshold biosurfactant concentration [43] . The removal of lipids due to peptide insertion is characteristic for the detergent-like interaction mechanism that has been reported for a series of linear amphipathic cationic peptides resulting in gradual membrane disintegration [64] .
No evidence of distinct pores or channels in the membrane was observed at 0.8 μM indolicidin, a concentration that can be considered as physiologically relevant. Under this condition, the peptide did not seem to affect the inner headgroup and the bilayer coverage remained stable even as lipids were exchanged by peptides. These results on simple model membranes might suggest that the mechanism of indolicidin is linked to disordering of the lipids in the bilayer upon peptide insertion rather than defined pore formation. A possible explanation of why pore-formation could not be seen in the case of indolicidin may be linked to the lack of a secondary structure in solution. Both melittin [44] and magainin [48] are examples of peptides with an alpha-helical secondary structure that have shown to form pores by quasi elastic neutron scattering (QENS) together with AFM and offspecular neutron reflectometry. The alpha-helical secondary structure may be essential for the clustering of the peptides in the membrane resulting in the formation of barrel-stave or toroidal pores. Peptide induced lipid disordering, as we observe for indolicidin, was suggested by Wimley, among others, to cause lysis of bacteria and eventually, cell death [2] .
The formation of lipid/peptide patches upon addition of indolicidin could visually be followed by time resolved AFM imaging, and analysis of the corresponding height profiles (Fig. 4) . In Fig. 4A and B, the preformed SLB is shown as evidenced by the presence of a few defects of 4 nm in depth, which is in agreement with the fit parameters from NR on the same type of SLBs as shown in Table 1 and typical for a DMPC/ DMPG bilayer [9, 13, 63] . The bilayer defects disappeared immediately after a continuous flow of 0.8 μM indolicidin solution was flushed over the bilayer, and new patches were formed on top of the bilayer (seen as light dots in Fig. 4C ). This suggests that indolicidin readily integrated and filled the defects present in the SLB. From the height profile in Fig. 4D , the height of these patches could be determined to be 3.5-4 nm and 7-8 nm and thus correspond to a single or double peptide-lipid bilayer in perfect agreement with the results from the fit analysis of the NR data. The formation of these patches happened on the time scale of Table 1 Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 0.8 μM and 10 μM indolicidin and extensive rinse with buffer. A mol is the molecular area per lipid component including solvent. The amount of indolicidin incorporated in the different layers is estimated based on the change in SLD observed after exposure to the peptide. As seen from the table, increasing the concentration of indolicidin from 0.8 to 10 μM results in deeper penetration of the peptide into the bilayer causing higher lipid removal. Fig. 3 . NR measurements of a DMPC-DMPG SLB after being exposed to 0.8 μM indolicidin and after rinsing with buffer. A) Reflectivity profiles for the measurements together with the best fit. Inset shows the same curves plotted in a RQ 4 against Q to increase the visibility of the change in high Q after rinsing. B) SLD profiles resulting from the fit analysis against distance from the interface for an SLB before and after rinsing with buffer. Inset illustrates the proposed position of the peptide in the membrane resulting from the fit. The arrow marks the peak that arises from the repetition of peptide/lipid patches on top of the SLB.
minutes in the AFM experiment and did not change appearance with incubation with the peptide over a time period of approximately 2 h. When the membrane was subsequently rinsed with tris-buffer, however, most of the mixed lipid/peptide structures were removed as seen in Fig. 4E and F, also in agreement with our NR results. In contrast to the NR experiment, not all the single bilayer patches were removed as seen from the AFM image and the corresponding height profile. An explanation to this discrepancy could be that the flow rate in the AFM experiment was significantly lower than for NR. A very low flow rate (~50 μL/min) in AFM is necessary in order to enable imaging under flow. This might lead to less efficient removal of the lipid/peptide patches.
Comparing reflectivity results for supported lipid bilayers with SAXS data of unilamellar lipid vesicles
In order to compare the SLB results with unilamellar lipid vesicles, we performed SAXS experiments on peptide-vesicle samples with similar lipid: peptide ratios. The SAXS results for DMPC-DMPG-DMPE-PEG liposomes with and without added indolicidin (1:10) are shown in Fig. 5A . DMPE-PEG was added in the vesicle formulation to prevent aggregation of vesicles upon peptide addition, but that should not affect the interaction with peptides due to the low molar ratio of 2.5%. The data was fitted using the asymmetric scattering density profile model (SDP), as developed by Nagle, Kučerka and co-workers [8, 10, 11, 15] modified to account for the peptide scattering as described by Nielsen et al. [6] . Fit analysis of the scattering curves for the liposomes gave a membrane thickness of 37.4 Å and an area per lipid of 60 Å 2 , in agreement with the results found in the NR data analysis (Table 1 ). In Fig. 5 , the SLD profiles calculated from the fit parameters from both SAXS and NR are shown for comparison. The curves representing the peptide-free membrane (red) found from the two methods virtually overlap except for the oscillation in neutron SLD at the inner leaflet for NR representing the silicon surface below the bilayer. The latter is not relevant in the case of SAXS where free floating unilamellar vesicles (ULVs) are used.
Upon addition of indolicidin, a shift in the X-ray scattering curve at intermediate Q took place as shown in Fig. 5A . For SAXS data of lipid bilayers the minimum in the scattering curve at intermediate Q is highly sensitive to the negative contrast, i.e. lower electron density than water of the lipid tails and positive contrast (higher electron density) of the headgroups. Through theoretical modelling, it was found that this shift in the minima upon peptide addition was caused by a change in the scattering contrast as the peptide inserted into the bilayer. The insertion is clearly visible due to the peptide having a higher electron density than the lipids (as seen in Table S1 of the Supplementary material). The SAXS data analysis suggests that the peptide inserted at the interface between the head and tail region on the outer leaflet of the membrane as a random coil. This is illustrated in the volume probability curve showing the membrane structure with the additional Gaussian peak representing the peptide inserting in the membrane (Fig. 5B) .
To facilitate the comparison between the SAXS and NR results, the electron density profile from our SAXS measurements was converted to a neutron SLD profile in H 2 O and plotted together with the SLD profile obtained from NR analysis (for 0.8 μM as the lipid: peptide ratio in these two cases were similar) and plotted in Fig. 5C . Both NR and SAXS data did not show major changes in the bilayer structure, as the overall Scheme 1. Illustration of concentration dependent interaction of indolicidin with lipid bilayers based on fit analysis of SAXS and NR results. thickness of the bilayer remained constant. However, in SAXS experiments, peptide to lipid ratios above 1:10 showed a~3 Å thinning of the bilayer [6] , which is also supported by molecular dynamics simulations for this peptide [53, 65] .
The model used to analyse the NR data is the traditional slab model that does not allow to extract the exact position of the peptide. Instead each layer is averaged with a common SLD. Further division of the lipid core layer into two layers to model peptide asymmetry did not lead to an improved fit quality but rather over-parametrization. This might be due to the lack of contrast, in particular between the peptide and lipid head (see the SLD values given in Table S1 ). Therefore, we used the symmetric profile to analyse the data to prevent over-interpretation of the data and to minimise the number of fitting parameters. However, a fit to a model allowing for an asymmetric peptide position in the bilayer (see details of the model in Fig. S3 ) is included in the Supplementary material to show that the NR data does not contradict the SAXS modelling of an asymmetric distribution (Fig. S4) .
In Fig. 5C , a comparison of the peptide effect on the bilayer as seen for both NR and SAXS is presented by the corresponding SLD profiles for the 1:10 peptide-lipid samples. The SLD profile from the NR results showed a decreased plateau of the SLD in the middle of the bilayer representing the tail region when compared to the pure bilayer. This is due to the peptide having a lower SLD than the deuterated tail. The effect that the peptide insertion had on the outer headgroups of the lipid bilayer was not easily detected using NR, as mentioned above. For SAXS, the sensitivity to changes in electron density as the peptide incorporates in the bilayer allowed us to determine the specific peptide location [6] . When comparing the SLD profile from NR with the one from SAXS we could see that the effect indolicidin had on the SLD profile was localised in the outer leaflet (interface between head and tail). The deeper penetration of the peptide seen from the NR SLD profile, might be due to lack of sensitivity of the method as described above. However, the deeper penetration might also additionally be explained by the use of SLBs formed on negatively charged silicon oxide surfaces that could attract the positively charged peptide deeper into the bilayer. Although the NR fit allowed only up to 4 ± 1 vol% solvent in the tail region prior to peptide interaction, small pre-existing defects (holes) in the SLB (as seen visually by AFM in Fig. 4 ) could facilitate deeper peptide penetration into the membrane. However, as indolicidin has some polar sidechains, as well as hydrophobic aromatic groups, it is likely from a physical chemical perspective that the peptide will insert in the interface between the head group that is partly hydrated and the lipid tail region. It is less likely that indolicidin will position only in the non-hydrated tail region.
Conclusion
The combination of NR, QCM-D, AFM and SAXS allowed us to establish the structural interaction of indolicidin, a naturally occurring antimicrobial peptide, with a model lipid bilayer. Our data suggest that the insertion of indolicidin in the bilayer is strongly dependent on the concentration. From QCM-D and NR, we conclude that indolicidin interacts mainly with the outer headgroup and tail region at lower concentrations (≤2 μM) while the peptide penetrates deeper into the bilayer diffusing also into the inner headgroup at higher concentrations (≥5 μM). Interestingly, the resulting effect on the bilayer thickness is also concentration dependent. Low concentrations of indolicidin cause no changes to the thickness or overall structure of the bilayer, while higher concentrations result in a disordering of the bilayer and a slight thinning of the bilayer. Similar trends were observed for lipid vesicles probed by SAXS. Combination of the information of the peptide insertion from these methods provides good evidence in support of the "interfacial activity" scenario presented by Wimley [2] where the peptide causes a disordering of the lipids in the bilayer by inserting in the interface between the lipid head and tail region. This is believed to result in lysis of bacteria and eventual cell death, however, further studies using lipid compositions closer mimicking bacteria membrane needs to be studied to fully elucidate the mode of action. Further, indolicidin seems to dissolve lipids in the membrane resulting in the formation of lipid/peptide patches on the supported lipid bilayer as seen by AFM and NR and in an increase in the size of the vesicles as seen by SAXS.
In this work we show how detailed analysis of scattering techniques on supported lipid bilayers as well as unilamellar lipid vesicles, together with QCM-D and AFM imaging, are high resolution biophysical techniques for the study of peptide interactions with model lipid membranes.
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